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Abstract

Diarrhetic Shellfish Poisoning (DSP) is a globally significant human health syndrome most commonly

caused by dinoflagellates of the genus Dinophysis. While ecosystem studies suggest that blooms of this mixo-

trophic dinoflagellate can be promoted by excessive nitrogen (N) loading, it is unclear whether these effects

are direct (nutrient stimulation of Dinophysis) or indirect (nutrient stimulation of prey) since this alga is mix-

otrophic and culture studies investigating the effects of nutrients on Dinophysis have not been performed.

We established an isolate of Dinophysis acuminata from New York waters and conducted controlled culture

experiments to assess the effects of nutrients on the growth of this dinoflagellate with and without its prey,

Mesodinium rubrum. Dinophysis was found to rapidly assimilate 15N-labeled ammonium and urea, AND to a

far lesser extent nitrate. Cultures grown with and without prey generally grew faster with ammonium, gluta-

mine, or organic matter from sewage effluent added than respective controls, while nitrate grown cultures

yielded significantly more rapid growth only when fed copious amounts of Mesodinium. Growth rates of

Dinophysis also increased with the amount of Mesodinium available in cultures and achieved maximal growth

rates (0.36 6 0.01 d21) when grown with high levels of Mesodinium and the amino acid, glutamine. Collec-

tively, this study demonstrates that inorganic and organic N can directly promote the growth of Dinophysis

and supports the hypothesis that accelerated N loading in coastal ecosystems can promote DSP producing

blooms of this species and, thus, may be partly responsible for their recent expansion across the North

America.

Diarrhetic Shellfish Poisoning (DSP) is a globally signifi-

cant human health syndrome most commonly caused by

dinoflagellates of the genus Dinophysis (Hallegraeff 1993;

Van Dolah 2000; Reguera et al. 2012). Dinophysis spp. syn-

thesize okadaic acid and dinophysistoxins, the causative tox-

ins of DSP, as well as the coeluted pectenotoxins (Lee et al.

1989; Fux et al. 2011) which are not associated with DSP but

may promote the formation of tumors in mammals and may

be hepatotoxic (Lee et al. 1989; Burgess and Shaw 2001).

While DSP is a common occurrence in regions of Europe,

South America, and Asia (Hallegraeff 1993; Van Dolah 2000;

Reguera et al. 2012), prior to 2008 the U.S. had never experi-

enced a DSP event. In recent years, however, the U.S. has

experienced an expansion of Dinophysis blooms causing

shellfish to accumulate DSP toxins to levels exceeding the

USFDA toxicity threshold (160 ng g21 of shellfish tissue) on

the East (NY; Hattenrath-Lehmann et al. 2013), West (WA;

Trainer et al. 2013), and Gulf coasts (TX; Campbell et al.

2010; Deeds et al. 2010; Swanson et al. 2010). Interestingly,

Dinophysis spp. were found in these regions prior to the

shellfish toxicity events (Freudenthal and Jijina 1988; Dickey

et al. 1992; Horner et al. 1997; Trainer et al. 2013), suggest-

ing these DSP-producing blooms have become more intense

in recent years.

To date, Dinophysis culture research has focused on differ-

ences in toxicity and toxin profiles between species and geo-

graphic isolates (Hackett et al. 2009; Kamiyama and Suzuki

2009; Fux et al. 2011), toxin production and/or excretion

(Nagai et al. 2011; Tong et al. 2011; Smith et al. 2012;

Nielsen et al. 2013), the effects of prey concentration

(Mesodinium rubrum) on growth (Kim et al. 2008; Kamiyama

and Suzuki 2009) as well as toxin production (Nielsen et al.

2012), and the effects of light intensity on the growth and/

or toxicity of Dinophysis (Kim et al. 2008; Tong et al. 2011;

Nielsen et al. 2012, 2013). Despite these recent advances,

several faucets of Dinophysis ecology remain relatively unex-

plored since it was only recently that Dinophysis cultures

were established after the development of a three-step cultur-

ing process (Park et al. 2006). Specifically, Dinophysis seques-

ters and utilizes plastids (kleptoplastids) from M. rubrum*Correspondence: christopher.gobler@stonybrook.edu
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(5Myrionecta rubra; Minnhagen and Janson 2006; Wisecaver

and Hackett 2010; Minnhagen et al. 2011) which they, in

turn, obtain from their cryptophyte prey (Hansen et al.

2012). While Dinophysis can survive months without feeding,

this obligate mixotroph is unable to survive long-term with-

out light and its prey M. rubrum (Kim et al. 2008; Nielsen

et al. 2012; Smith et al. 2012). Recent investigations of North

American Dinophysis isolates were performed at temperatures

(4–108C) that are not within the range of those found during

temperate DSP-producing blooms (13–248C in NY;

Hattenrath-Lehmann et al. 2013, 2015) as the prey used

were isolated from polar latitudes (Hackett et al. 2009; Tong

et al. 2010, 2011; Fux et al. 2011; Smith et al. 2012). Hence,

open questions regarding the growth response of Dinophysis

cultures at temperatures found during North American

blooms.

In contrast to many harmful algae, the nutritional ecol-

ogy of Dinophysis is poorly understood. While it has been

established that Dinophysis is an obligate mixotroph that

feeds on the ciliate M. rubrum, whether other prey organ-

isms, including bacteria, contributes to Dinophysis growth

has not been assessed (Reguera et al. 2012). In addition,

given the very recent advance in the establishment of

Dinophysis cultures, nearly all knowledge regarding Dinophy-

sis and nutrients has been gleaned from field investigations

that have come to contradictory conclusions (Delmas et al.

1992; Giacobbe et al. 1995; Johansson et al. 1996; Koukaras

and Nikolaidis 2004; Seeyave et al. 2009; Hattenrath-

Lehmann et al. 2015). Specifically, while Dinophysis

dominated-communities have displayed a high affinity for

ammonium (Seeyave et al. 2009) other field studies found

no relationship between Dinophysis densities and nutrient

concentrations (Delmas et al. 1992; Giacobbe et al. 1995;

Koukaras and Nikolaidis 2004). Given that recent evidence

from field experiments suggests that nitrogenous nutrients

(including B-vitamins) either directly or indirectly (via prey)

enhance the growth and toxicity of Dinophysis acuminata

(Hattenrath-Lehmann et al. 2015), culture experiments spe-

cifically isolating the effects of nutrients on both autotrophic

(direct) and mixotrophic (indirect) cultures are clearly

warranted.

In 2013, a D. acuminata culture was established from

Meetinghouse Creek, a eutrophic, tidal tributary located in

the Peconic Estuary, New York, U.S.A., which experiences

annual blooms of Dinophysis, with densities that can exceed

two million cells L21. The ability of Dinophysis to directly

assimilate dissolved nitrogenous nutrients was assessed using
15N-labeled compounds. The autotrophic (no prey) and mix-

otrophic (with M. rubrum) growth of Dinophysis was assessed

over a gradient of prey-to-Dinophysis ratios. The effects of

multiple inorganic and organic nutrient sources on Dinophy-

sis growth rates were examined using both autotrophic

(starved) and mixotrophically (fed) conditioned Dinophysis

cultures. Similarly, cultures grown with and without

nutrients were also grown with and without prey to isolate

the effects of nutrients on D. acuminata when M. rubrum is

present (mixotrophic) and when it is not (autotrophic).

These are the first experiments to isolate the direct and indi-

rect effects of nutrients on Dinophysis spp.

Materials and methods

Cultures and culturing conditions

Cultures of the cryptophyte, Teleaulax amphioxeia

(K-0434, Scandinavian Culture Collection of Algae and

Protozoa), and the ciliate, M. rubrum (MBL-DK2009), were

isolated in 2009 from Helsingør Harbor, Denmark, and were

generously provided by P. J. Hansen. M. rubrum was provided

with T. amphioxeia weekly at a ratio of � 10 : 1 (prey : preda-

tor) and following complete consumption of the cryptophyte

were fed to D. acuminata isolates weekly at a ratio of � 10 : 1

(prey : predator). During May 2013, clonal isolates of D. acu-

minata were established from Meetinghouse Creek, a tidal

tributary located in the Peconic Estuary (40856.3140N,

72837.1190W), using 12-well culture plates (Corning, Corn-

ing, New York, U.S.A.). Sequencing of the mitochondrial

cytochrome c oxidase 1 (cox1) gene (Raho et al. 2008; Camp-

bell et al. 2010) revealed that D. acuminata from Meeting-

house Creek is 100% identical to both D. acuminata from

Narragansett Bay, Rhode Island, U.S.A. (accession number

EU130566) and Northport Bay, New York (Hattenrath-

Lehmann et al. 2013). Two viable D. acuminata isolates were

combined to mimic field populations and grown out in 2 L

Pyrex Erlenmeyer flasks for experiments. All cultures were

maintained in sterile f/2 (-Si) medium (883 lmol L21 nitrate

and 36 lmol L21 phosphate; Guillard and Ryther 1962)

made from autoclaved and 0.2 lm-filtered aged coastal

Atlantic Ocean water (40.79698N, 72.46068W) adjusted to 25

psu and kept at 188C in an incubator with a 14 : 10 h light :

dark cycle, illuminated by a bank of fluorescent lights that

provided a light intensity of � 70 lmol quanta m22 s21 to

cultures. Consistent with all prior culture studies of this

genus, cultures were xenic as in attempts to culture

Dinophysis we found that antibiotics were lethal to Dinophysis.

Growth experiments with varying Mesodinium ratios

Growth rates of D. acuminata were assessed over a gradi-

ent of predator-to-prey (M. rubrum) ratios during a month-

long experiment. Stock cultures of well-fed D. acuminata and

M. rubrum (T. amphioxeia completely consumed) were diluted

to appropriate treatment densities in triplicate using f/2 (-Si)

medium in 500 mL Erlenmeyer flasks and incubated as

above. Initial concentrations of 100 D. acuminata cells mL21

were established for all treatments and for a no prey control.

M. rubrum was added at prey : predator ratios of 2 : 1 (200

cells mL21), 5 : 1 (500 cells mL21) and 10 : 1 (1,000 cells

mL21) with additional no predator controls established for

each ratio. Every 3-4 d, a 5 mL aliquot from each flask was

fixed in Lugol’s iodine (final concentration 5 2%) and cells
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were enumerated with a 1 mL Sedgewick-Rafter chamber

using a compound microscope.

Growth rates were calculated during the exponential

growth phase (persisting 4-8 d depending on food source

ratio) using the formula: l 5 ln(Bt/B0)/t, where B0 and Bt are

the initial and final cell densities and t is the incubation

duration in days. Differences in growth rates among treat-

ments were evaluated with a One Way ANOVA with post

hoc Tukey multiple comparisons tests using Sigma Stat soft-

ware embedded within Sigma Plot 11.0. Additionally, growth

rates of D. acuminata over the varying M. rubrum ratios were

fitted using linear regression as well as a Michaelis–Menten

model using curve fitting functions within Kaleidagraph

(Synergy Software; version 4.5) and lmax (maximum growth

rate) and Ks (half saturation constant, as prey concentration)

were derived.

Uptake rates of nitrogenous nutrients by starved and fed

Dinophysis cultures
15N tracer experiments were conducted using both starved

and fed D. acuminata cultures (see below) to quantify uptake

rates of nitrogenous compounds by starved and fed

Fig. 1. Detailed description of Phase 1 and Phase 2 preconditioning of Dinophysis cultures prior to nutrient and prey amendment experiments.
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Dinophysis. Uptake of ammonium, nitrate, and urea were

measured using tracer additions (200 nmol L21, 200 nmol

L21, and 50 nmol L21, respectively) of highly enriched (98–

99%) 15N-labeled compounds added as 180 and 4%, 70 and

140%, and 50 and 60% of ambient pools for starved and fed

cultures, respectively. Immediately, prior to the start of the

experiments both starved and fed cultures were sieved using

a 10 lm mesh filter and washed into freshly made auto-

claved, 0.2 lm-filtered aged seawater to ensure both cultures

had the same background nutrient concentrations and mini-

mal bacterial densities. Cultures were then distributed to

sterile, triplicate 50 mL polystyrene flasks and incubated for

1 h at the conditions mentioned above. Turnover rates of

nutrients were assumed to be minimal given the relatively

short incubation period (Glibert et al. 1982) as were contri-

butions of bacteria to the 15N signal given their relatively

low biomass (in cultures incubated over 6 d, see Results) and

our use of GF/F glass fiber filters retain a smaller fraction of

bacteria. At the end of the incubation, treatments in addi-

tion to control samples (no tracer added) were filtered onto

pre-combusted (2 h at 4508C) 25mm GF/F glass fiber filters

and frozen (2208C). Samples were then dried at 608C and

pelleted for particulate nitrogen (PN) and 15N analysis using

a ThermoFinnigan Delta Plus XP isotope ratio mass spec-

trometer at the Kudela Lab in UC Santa Cruz. Uptake rates

were calculated according to the mixing model of Montoya

et al. (1996) using equations from (Orcutt et al. 2001). Differ-

ences in PN specific- and cell specific-uptake rates among

treatments were elucidated using two-way ANOVAs with

post hoc Tukey multiple comparisons tests where pre-

conditioning (starved or fed) and nutrient source were the

main effects using Sigma Stat software embedded within

Sigma Plot 11.0.

Growth of cultures with multiple nutrient sources

and prey densities

Experiments were conducted to isolate the effects of

nutrients and prey on D. acuminata growth. Prior to the

initiation of the experiments a 1-month, two-phase, precon-

ditioning period was implemented (Fig. 1). For both phases,

M. rubrum was added at � 1 : 1 ratio to reflect prey densities

in the field where Dinophysis spp. is typically food-limited

(Kim et al. 2008; Riisgaard and Hansen 2009). The first phase

was a grow-out period (2 weeks) in which D. acuminata was

grown in nutrient replete medium (f/2 -Si) and fed M. rubrum

at a ratio of � 1 : 1 three times (day 0, day 7 and day 11;

Fig. 1). After the 2 week period the culture was sieved

through a 10 lm mesh (to rid the culture of residual

M. rubrum and nutrients) and subsequently washed into

autoclaved, 0.2 lm-filtered, aged seawater. These D. acumi-

nata cells were then used to initiate phase two of the precon-

ditioning period when they were starved or fed for another 2

weeks (Fig. 1). The starved D. acuminata culture was main-

tained in autoclaved, 0.2 lm-filtered, aged seawater. The fed

culture was maintained in nutrient replete medium (f/2 -Si,

made from autoclaved, 0.2 lm-filtered, aged seawater) and

fed M. rubrum at a � 1 : 1 ratio four times during the 2 week

period (every 3-4 d). Given the 2 week period without prey,

starved cultures were assumed to be relying primarily on

photosynthesis while fed cultures were considered mixotro-

phic. Upon the end of phase two, the starved and fed D. acu-

minata cultures were sieved through a 10 lm mesh and were

added into autoclaved, 0.2 lm-filtered, aged seawater to rid

the fed culture of residual M. rubrum and nutrients and

ensure cultures used for experiments had identical back-

ground nutrient levels (Table 1).

Preconditioned cultures (starved and fed) were used for

experiments exploring the effects of different nutrients on

the growth of D. acuminata (Table 2). For each of the two

conditions (starved and fed), a control (Table 1) was estab-

lished in addition to the following treatments: ammonium

(50 lmol L21), nitrate (50 lmol L21), glutamine (25 lmol

L21 5 50 lmol L21 N), vitamin B12 (100 pmol L21) and high

molecular weight sewage treatment plant effluent (HMW

STP; 50 lmol L21 N), treatments matching and thus comple-

menting field experiments conducted in Hattenrath-

Lehmann et al. (2015). All treatment concentrations were

within the range of total dissolved nitrogen levels found in

Long Island estuaries (Gobler et al. 2004; Koch et al. 2012;

Hattenrath-Lehmann et al. 2015), with the exception of glu-

tamine which is typically present at submicromolar concen-

trations (Gobler et al. 2012) but was added at equimolar

levels of N for comparison with other nitrogen sources. High

molecular weight (> 1 kDa, Millipore) organic matter from

sewage treatment plant effluent was isolated and concen-

trated from the Riverhead Sewer District plant which is

located in Riverhead, New York, � 1 km west of Meeting-

house Creek (Hattenrath-Lehmann et al. 2015). High molec-

ular weight organic matter was isolated via tangential flow

filtration as described by Gobler and Sanudo-Wilhelmy

(2003). The use of tangential flow filtration ensures that

high molecular weight organic material is concentrated but

Table 1. Nutrient concentrations (lmol L21) in experimental
controls (stock cultures). Experiments labeled same as in corre-
sponding figures and tables. Data was not available for the time
series experiment. DON, dissolved organic nitrogen. Data are
means (SD).

Nutrients in (lmol L21)

Nitrate Ammonium DON

Short term Starved 1.2 (0.3) 0.5 (0.3) 7.1 (0.4)

Fed 2.5 (0.5) 1.3 (0.8) 8.9 (1.2)

M. rubrum 2:1 Without prey 0.7 (0.1) 2.0 (0.2) n/a

With prey 0.5 (0.1) 3.2 (0.3) n/a

M. rubrum 10:1 Without prey 0.7 (0.1) 3.8 (0.7) 14.0 (1.9)

With prey 0.3 (0.03) 2.1 (0.3) 16.7 (0.9)
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inorganic nutrient concentrations remained unchanged

(Gobler and Sanudo-Wilhelmy 2003). The first experiment

(Experiment #1; time series) was performed using six-well

culture plates (10 mL per well) with a single dose of

nutrients and aliquots removed every 4 d for cell enumera-

tion over a 12 day period (Table 2). A second experiment

(Experiment #2) was shorter term (6 d) and complementary

to the first experiment (used 50 mL polystyrene flasks,

Thermo ScientificTM) but was performed with nutrients

added in two equal doses (day 0 and day 3) to match the

above mentioned total concentrations (50 lmol L21 N) but

to avoid potential toxic effects of high ammonium (Collos

and Harrison 2014) seen in initial experiments (Table 2). A

third experiment (Experiment #3) was performed where the

addition of M. rubrum (at ratios of 2 : 1 and 10 : 1) was used

to assess the effects of nutrients on D. acuminata when M.

rubrum is present and absent. This experiment was con-

ducted for 6 d in six-well culture plates, nutrients were

added in two equal doses as above and used Dinophysis cells

preconditioned as “fed” (Table 2). At the end of experiments,

aliquots were preserved in Lugol’s iodine and cell densities

were enumerated as above. Differences in cell densities

among treatments were elucidated using two-way ANOVAs

with post hoc Tukey multiple comparisons tests where either

pre-conditioning (starved or fed), or food level (with or with-

out M. rubrum) and nutrient source were the main effects

using Sigma Stat software embedded within Sigma Plot 11.0.

Additionally, for the third set of experiments, the N contri-

bution of nutrients and M. rubrum (at ratios of 2 : 1 and 10 :

1) to Dinophysis growth was calculated by converting Dinoph-

ysis growth (tfinal 2 tinitial abundances) and abundances of M.

rubrum added to experimental units (assuming negligible

growth) to N equivalents. This was done by using previously

published carbon contents of both species (Riisgaard and

Hansen 2009) and converting those to N based on Redfield

ratios, resulting in N contents of 158 pg cell21 and 63 pg

cell21, for D. acuminata and M. rubrum, respectively. The

contribution of nutrients to Dinophysis growth was consid-

ered the difference between Dinophysis growth and the calcu-

lated contribution of M. rubrum.

Bacterial experiments

The effects of nutrients and D. acuminata on the

heterotrophic bacterial community within cultures were

examined to assess bacterivory in D. acuminata. To remove

D. acuminata without changing bacterial densities, a portion

of the well mixed stock flask pre-conditioned as fed (as

above) was filtered through a 5 lm polycarbonate filter. Six-

well plates with and without D. acuminata were then estab-

lished in parallel to assess differences in the growth of the

heterotrophic bacterial community. A no nutrient control

was established and nutrients (HMW STP and glutamine)

that elicited an increase in D. acuminata densities in the pre-

vious experiments were added and run in parallel with the

short term experiment described in the above nutrient

experiments section. At the start and end of experiments,

whole water samples were preserved in 10% buffered forma-

lin (0.5% v/v final), stored at 2808C, and analyzed flow cyto-

metrically to quantify the abundance of heterotrophic

bacteria. Samples were stained with SYBR Green I and heter-

otrophic bacteria were quantified using a FACScan (BDVR )

flow cytometer (Jochem 2001). To determine the potential

contribution of bacterivory to the growth of D. acuminata,

abundances of both populations were converted to C equiva-

lents using previously published carbon contents of 895 pg

cell21 (Riisgaard and Hansen 2009) and 20 fg cell21 (Fukuda

et al. 1998; Ducklow 2000), for D. acuminata and heterotro-

phic bacteria, respectively.

Nutrient analyses

To determine ambient nutrient concentrations in stock

cultures (Table 1), filtrate was made using precombusted (4 h

at 4508C) glass fiber filters (GF/F, 0.7 lm pore size) and fro-

zen in acid washed scintillation vials. Filtrate was analyzed

colorimetrically for nitrate, ammonium, and urea (Jones

1984; Parsons et al. 1984) using a spectrophotometeric

microplate reader.

Table 2. Summary of experimental setups for the growth of Dinophysis cultures with multiple nutrient sources and prey densities:
Experiments #1, 2 and 3.

Experiment #1 Experiment #2 Experiment #3

Preconditioning Starved and fed Starved and fed Fed

Vessel Six well plates 50 mL Nunc flasks Six well plates

Incubation time 12 d 6 d 6 d

Sampling points Every 4 d Day 1 (t 5 0), Day 6 (t 5 f) Day 1 (t 5 0), Day 6 (t 5 f)

Nutrient treatments Control, ammonium, nitrate, glutamine, vitamin B12, HMW STP

Nutrient treatment dose Single dose of

50 lmol L21 N

100 pmol L21 B12

Two doses (day 0 and 3) of

25 lmol L21 N

50 pmol L21 B12

Two doses (day 0 and 3) of

25 lmol L21 N

50 pmol L21 B12

Mesodinium treatments None None 2:1 and 10:1 ratios
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Results

Growth of Dinophysis acuminata under varying

Mesodinium rubrum ratios

The growth rates of D. acuminata cultures varied over the

range of M. rubrum : D. acuminata ratios (Fig. 2; Table 3).

D. acuminata growth rates were low (0.06 6 0.01 d21) in the

absence of prey reaching peak densities of 258 6 58 cells

mL21. With increasing prey ratios (2 : 1, 5 : 1, and 10 : 1)

the growth rates of D. acuminata increased significantly

(0.15 6 0.04, 0.20 6 0.01, 0.28 6 0.01 d21; p<0.01, Tukey)

with maximal D. acuminata densities of 303 6 85, 873 6 106,

and 1549 6 65 cells mL21, respectively (Fig. 2; Table 3). For

all prey ratios, M. rubrum was consumed by D. acuminata

within the first 8 d of the experiment (Fig. 2). M. rubrum

growth in control cultures without D. acuminata was negligi-

ble, ranging from 0 d21 to 0.04 d21. D. acuminata growth

rates as a function of prey : predator ratio (Table 3) were fit

better to a linear function (R2 5 0.91) than a Michaelis–

Menten equation (R2 5 0.79), which had a maximum growth

rate of 0.36 6 0.07 d21 and a prey : predator ratio of

3.23 6 1.61 (323 6 161 cells mL21 M. rubrum) sustaining half

the maximum growth rate (Ks). This was likely because

growth saturation was not reached under the prey densities

used as evidenced by the calculated maximum growth rate

which was not reached during these experiments. This calcu-

lated maximal growth rate, however, matched the highest

experimental growth rates of 0.36 6 0.01 d21 observed in

glutamine grown cultures with a 10 : 1 feeding ratio

(Table 4).

Uptake of various N sources by starved and fed cultures

of Dinophysis acuminata

Pre-conditioning (starved vs. fed) and nutrients signifi-

cantly affected both PN specific- and cell specific-uptake

rates of D. acuminata and there was a significant interaction

between these factors as the response to preconditioning dif-

fered among the different nutrients investigated (p<0.001

for all, two-way ANOVA on uptake rates; Fig. 3; Table 5).

Ammonium uptake rates were significantly higher (p<0.001,

Tukey) than those of any other nitrogen source followed by

urea and nitrate (Fig. 3; Table 5). Ammonium and urea

uptake rates were both significantly higher (p<0.01, Tukey)

in fed D. acuminata cultures compared to starved cultures,

whereas the opposite was observed for nitrate uptake rates

(Fig. 3; Table 5). PN specific- and cell specific-uptake rates

followed a similar pattern with the exception that there was

no significant difference in cell specific-urea uptake rates

between fed and starved cultures of D. acuminata (Fig. 3;

Table 5).

The effects of nutrients on starved and fed Dinophysis

acuminata

Time series experiment

Pre-conditioning (starved vs. fed) and nutrients signifi-

cantly affected D. acuminata densities and there was a signifi-

cant interaction between these factors as the response to

preconditioning differed among the different nutrients

investigated (p<0.001 for all, two-way ANOVA on final den-

sities; Fig. 4). In starved cultures, the addition of HMW STP

significantly (p<0.01, Tukey) increased cell densities by 25%

compared to the control while all other nutrient additions

slightly decreased D. acuminata densities (by 2-13%; Fig. 4).

In the fed cultures, however, HMW STP, glutamine, and

ammonium additions increased D. acuminata densities by

64, 24, and 13%, respectively, compared to the control

Fig. 2. Abundance of D. acuminata (cells mL21) in cultures fed varying
M. rubrum ratios (no MR, 2 : 1, 5 : 1 and 10 : 1). Points are means while

error bars represent standard deviation of triplicate measurements.

Table 3. D. acuminata growth rates (d21) as a function of
M. rubrum feeding ratios. Data are means of triplicate measure-
ments (SD). Letters indicate Tukey multiple comparisons results
(p<0.05).

Mesodinium feeding

ratio

D. acuminata growth

rate (l d21)

0 0.06 (0.01)a

2:1 0.15 (0.04)b

5:1 0.20 (0.01)b

10:1 0.28 (0.01)c
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(p<0.01; Tukey) while changes due to the addition of

nitrate and B12 were negligible (Fig. 4).

Short term experiment

Pre-conditioning (starved vs. fed) and nutrients signifi-

cantly affected D. acuminata densities and there was a signifi-

cant interaction between these factors as the response to

preconditioning differed among the different nutrients

investigated (p<0.001 for all, two-way ANOVA; Fig. 5). D.

acuminata densities in control fed cultures increased by 200

cells mL21 while growth in control starved cultures was neg-

ligible (Fig. 5). Compared to control cultures, the addition of

HMW STP and glutamine significantly increased D. acumi-

nata densities by 120% and 150% for starved, and 97% and

62% for fed cultures, respectively (p<0.001, Tukey; Fig. 5).

The addition of ammonium significantly decreased (77%) D.

acuminata densities in starved cultures, but significantly

increased (60%) densities in fed cultures (p<0.001, Tukey;

Fig. 5). Similar to the previous experiment, the addition of

B12 and nitrate had little effect on D. acuminata densities

(Fig. 5).

The effects of varying ratios of Mesodinium rubrum and

nutrients on Dinophysis acuminata

Prey availability (with vs. without M. rubrum) and

nutrients significantly affected D. acuminata growth at both

Table 4. Cellular division rates (calculated using initial and final cell densities) of D. acuminata from experiments comparing the
effects of varying M. rubrum prey : predator ratios and nutrients. Data are means (SD). Asterisks indicate growth rates with M. rubrum
added that were significantly different from their without prey counterpart (p<0.05, Tukey) whereas those in bold indicate treat-
ments that are significantly different from their respective control.

Mean cellular division rates (l d21)

M. rubrum 2 : 1 M. rubrum 10 : 1

Without prey With prey Without prey With prey

Control 0.05 (0.02) 0.10 (0.01)* 0.07 (0.01) 0.31 (0.01)*

B12 0.05 (0.01) 0.10 (0.01)* 0.08 (0.02) 0.30 (0.01)*

HMW STP 0.12 (0.01) 0.17 (0.02)* 0.16 (0.01) 0.33 (0.002)*

Nitrate 0.05 (0.02) 0.11 (0.01)* 0.07 (0.01) 0.34 (0.002)*

Ammonium 0.07 (0.01) 0.17 (0.01)* 0.14 (0.02) 0.34 (0.004)*

Glutamine 0.04 (0.03) 0.12 (0.02)* 0.13 (0.01) 0.36 (0.01)*

Fig. 3. Cell specific uptake (pmol N cell21 h21) of various 15N labeled

nitrogen sources (ammonium, urea, nitrate) in D. acuminata cultures
that were preconditioned as starved or fed. Bars are means while error

bars represent standard deviation of triplicate measurements. Letters
indicate Tukey multiple comparisons results (p<0.05).

Table 5. PN and cell specific uptake of various 15N labeled
nitrogen sources (ammonium, urea, nitrate) in D. acuminata cul-
tures that were preconditioned as starved or fed. Data are
means (SD) of triplicate flasks. Letters indicate Tukey multiple
comparisons results (p<0.05).

PN specific

uptake

Cell specific

uptake

(h21 3 1023)

(pmol N

cell21 h21)

Starved Ammonium 8.4 (0.1)a 0.096 (0.001)a

Urea 2.2 (0.1)b 0.026 (0.0003)b

Nitrate 0.43 (0.01)c 0.005 (0.0001)c

Fed Ammonium 46.9 (0.6)d 0.52 (0.004)d

Urea 2.5 (0.1)e 0.027 (0.001)b

Nitrate 0.12 (0.03)f 0.001 (0.0003)e
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2 : 1 and 10 : 1 feeding ratios and there was a significant

interaction between these factors as the response to

nutrients differed among the different prey levels investi-

gated (p<0.001 for all, two-way ANOVA; Fig. 6). Compared

to initial D. acuminata concentrations, control cultures with-

out M. rubrum grew 1.3 to 1.5-fold, while control cultures

fed M. rubrum at 2 : 1 and 10 : 1 ratios grew 1.8 and 6.3-fold,

respectively (Fig. 6). Across all nutrient treatments, the addi-

tion of M. rubrum significantly (p<0.001, Tukey) increased

D. acuminata densities 1.4 to 1.9-fold at a 2 : 1 feeding ratio,

and 2.8 to 4.9-fold at a 10 : 1 ratio, compared to their respec-

tive no M. rubrum treatments (Fig. 6). Densities of D. acumi-

nata cultures fed a 2 : 1 prey ratio significantly increased

with the addition of HMW STP (53%) and ammonium

(55%), while their no M. rubrum counterparts only signifi-

cantly increased with the addition of HMW STP (53%;

p<0.001 for all, Tukey; Fig. 6), compared to their respective

controls. When M. rubrum was fed to cultures at ratios of 10

: 1, D. acuminata densities increased with the addition of

HMW STP (16%), nitrate (20%), ammonium (23%), and glu-

tamine (40%) compared to the control (p<0.001, Tukey),

while densities of cultures without M. rubrum significantly

increased with the addition of HMW STP (76%), ammonium

(50%) and glutamine (44%; p<0.01, Tukey; Fig. 6). Consist-

ent with other experiments the addition of B12 had no effect

on D. acuminata. While the effects of nutrients on D. acumi-

nata were less pronounced at higher M. rubrum densities (10

: 1) compared to those grown on lower densities or without

M. rubrum (Fig. 6), nutrients significantly enhanced the

growth of D. acuminata cultures at all prey levels; the highest

Fig. 4. Experiment #1, time series: D. acuminata densities (cells mL21)
in cultures that were preconditioned as starved (not offered M. rubrum

or nutrients) or fed (offered M. rubrum and nutrients) and then offered
various nutrients in the absence of M. rubrum and incubated over a 12

day period. Points are means while error bars represent standard devia-
tion of triplicate measurements. HMW STP, high molecular weight sew-
age treatment plant effluent.

Fig. 5. Experiment #2, Short term experiment: Final cell yields of D.
acuminata (cells mL21) in cultures that were preconditioned as starved
(not offered M. rubrum or nutrients) or fed (offered M. rubrum and

nutrients) and then offered various nutrients in the absence of M.
rubrum over a 6 d incubation. Bars are means while error bars represent

standard deviation of triplicate measurements. The dotted line denotes
starting densities for both cultures. Letters indicate Tukey multiple com-
parisons results (p<0.05). C, Control; B12, vitamin B12; STP, high

molecular weight sewage treatment plant effluent; N, nitrate; A, ammo-
nium; and G, glutamine.
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D. acuminata densities were achieved in cultures with high

M. rubrum densities and nutrients added.

The effects of nutrients and D. acuminata on bacterial

densities

Both nutrients and the presence of D. acuminata (with vs.

without) significantly (p<0.01, two-way ANOVA) affected

heterotrophic bacterial densities in fed cultures of D. acumi-

nata, but there was no interaction between these factors (Fig.

7A). In cultures with D. acuminata, the addition of HMW

STP and glutamine significantly (p<0.05, Tukey) increased

heterotrophic bacterial densities 71% and 205%, respec-

tively, whereas in cultures without D. acuminata bacterial

densities increased 120% and 280%, respectively (Fig. 7A).

Heterotrophic bacteria densities in cultures without Dinophy-

sis were 8-41% higher than cultures with Dinophysis (Fig.

7A), suggesting that Dinophysis had an inhibitory effect (i.e.,

grazing, allelopathy, nutrient competition) on bacteria. Con-

trary to patterns in heterotrophic bacterial abundances,

HMW STP and glutamine significantly (p<0.001, Tukey)

increased D. acuminata densities 97% and 62%, respectively,

compared to the control (Fig. 7B) representing increases in

biomass of 10.9 6 1.3, and 7.6 6 0.97 3 105 pg C mL21,

respectively (Fig. 7C). The differences in heterotrophic bacte-

rial carbon concentrations in treatments with and without

D. acuminata were two to three orders of magnitude lower

than these C specific increases in D. acuminata (Fig. 7C). As

such, decreases in heterotrophic bacterial carbon due to the

presence of D. acuminata represented less than 2% of the car-

bon increase in Dinophysis and thus did not contribute

appreciably to increases in D. acuminata biomass during

experiments.

Fig. 6. Experiment #3, prey (presence vs. absence) and nutrients: Final

cell yields of D. acuminata (cells mL21; preconditioned as fed) from
experiments comparing the effects of the presence vs. absence of

M. rubrum at varying feeding ratios (2 : 1 and 10 : 1) and the addition
of nutrients on D. acuminata cultures. Bars are means while error bars
represent standard deviation of triplicate measurements. The dotted line

denotes starting densities for both experiments. Letters indicate Tukey
multiple comparisons (p<0.05). Treatments as in Fig. 4.

Fig. 7. (A) The effects of nutrients and the presence of D. acuminata

on heterotrophic bacterial densities (cells mL21). (B) The effects of
nutrients on D. acuminata densities (cell mL21). The dotted line denotes

starting densities. (C) Carbon-specific biomass (pg C mL21) of the
reduction in heterotrophic bacteria in the presence of Dinophysis and
increase in Dinophysis during experiments. Bars are means while error

bars represent standard deviation. Letters indicate Tukey multiple com-
parisons results (p<0.05).
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Discussion

While recent evidence (Hattenrath-Lehmann et al. 2015)

indicated that blooms of the mixotrophic dinoflagellate,

D. acuminata, could be stimulated by N loading, it is still

unclear whether these effects were direct (via nutrient uptake

by Dinophysis) or indirect (via nutrient stimulation of prey).

During this study, 15N tracer experiments demonstrated that

D. acuminata assimilates ammonium and urea, but not

nitrate, at high rates. To our knowledge, this study is the

first example of a free-living kleptoplastidic flagellate assimi-

lating exogenous dissolved nutrients. High molecular weight

sewage treatment plant effluent and glutamine significantly

and consistently enhanced the growth of D. acuminata in

both starved and fed cultures compared to respective con-

trols, while ammonium did so only when cultures were pre-

conditioned as fed, and nitrate significantly increased den-

sities of fed cultures only when D. acuminata was offered

M. rubrum ratios of 10 : 1. In contrast, the addition of vita-

min B12 had no effect on D. acuminata densities in any

experiment. Across all experiments, growth rates of fed cul-

tures were significantly higher than those of their starved

counterparts. While the effects of nutrients on D. acuminata

were smaller at higher M. rubrum densities (10 : 1) compared

to those grown with lower densities or without M. rubrum,

nutrients consistently and significantly enhanced the growth

of both starved and fed cultures in all experiments. Hetero-

trophic bacterial biomass could not account for the growth

of Dinophysis, indicating that nutrients and not bacterivory

supported Dinophysis growth in cultures where M. rubrum

was not added. Collectively, this study unequivocally dem-

onstrates that the assimilation of nitrogenous nutrients

directly promote the growth of Dinophysis.

Growth rates of Dinophysis acuminata compared

to other cultures

Growth rates of Dinophysis spp. cultures have been found

to range from 0.06 d21 to 0.95 d21 and have been shown to

vary as a function of temperature, prey concentration, and

light (Park et al. 2006; Kim et al. 2008; Kamiyama and

Suzuki 2009; Riisgaard and Hansen 2009; Tong et al. 2010;

Nagai et al. 2011; Nielsen et al. 2012, 2013). Our growth rate

experiments conducted at 188C with a D. acuminata culture

established from New York yielded cellular division rates (no

prey) of � 0.1 d21 and cellular division rates up to 0.36 d21

when cultures were fed M. rubrum at a 10 : 1 ratio with the

addition of glutamine. It is possible, however, that growth

rates are underestimates due to the 3-4 d gap between sam-

pling points that may have missed periods of maximal rates.

Grow rates were, however, within the range of those

observed for another North American strain of D. acuminata

cultured using a cryptophyte strain, Geminigera cryophila, and

M. rubrum isolated from the Ross Sea (0.11 d21 and 0.23 d21

at 48C and 108C, respectively; Tong et al. 2010). D. acuminata

cultured using the same M. rubrum and T. amphioxeia cul-

tures as the present study yielded growth rates of 0.13–0.51

d21 (Nielsen et al. 2012). While comparisons of growth rates

between studies is difficult given disparate culturing condi-

tions, overall the growth rate of the New York strain of

D. acuminata was within the range observed in other culture

studies.

Dinophysis and nutrients

Investigations of the effects of nutrients on the growth of

Dinophysis have been rare, contradictory, and often focus on

field correlations and experiments that are unable to isolate

potential indirect effects of nutrients on prey items (Delmas

et al. 1992; Giacobbe et al. 1995; Koukaras and Nikolaidis

2004; Seeyave et al. 2009; Hattenrath-Lehmann et al. 2015).

While some field studies have found no relationship

between Dinophysis densities and nutrient concentrations

(Delmas et al. 1992; Giacobbe et al. 1995; Koukaras and

Nikolaidis 2004), Seeyave et al. (2009) demonstrated Dinoph-

ysis dominated-communities (91% of total biomass as C)

have a high affinity for ammonium. Recent ecosystem-based

studies in NY estuaries (Hattenrath-Lehmann et al. 2015)

have demonstrated that Dinophysis cell division rates can be

promoted by the accelerated delivery of both inorganic

(nitrate, ammonium) and organic N (glutamine, HMW STP).

The only culture studies investigating the effects of nutrients

on Dinophysis growth concluded that both organic matter

originating from sonicated M. rubrum cultures (Nagai et al.

2011) and dissolved inorganic nitrogen (Tong et al. 2013)

had no effect on the growth of D. acuminata cultures. The

present culture study, in agreement with (Hattenrath-Leh-

mann et al. 2015), demonstrated using multiple experimen-

tal approaches that both inorganic and organic nutrients

significantly enhanced the growth of D. acuminata. More

specifically, we were able to demonstrate that these nutrient

effects were direct as enhancements were seen in cultures of

D. acuminata where no M. rubrum was added and D. acumi-

nata cultures were shown to assimilate ammonium at high

rates.

During this study, Dinophysis cultures were capable of

assimilating ammonium and urea, but not nitrate, at rapid

rates, a finding consistent with growth experiments that

found significant growth with ammonium, but not nitrate

(urea not examined) and consistent with an ecosystem-based

study of Dinophysis, that found ammonium uptake was high-

est followed by urea and nitrate (Seeyave et al. 2009). While

our cultures contained bacteria, most bacteria likely passed

through the filters used for 15N measurements (Lee et al.

1995) and bacterial biomass was too low to appreciably con-

tribute to uptake rates (< 1% of Dinophysis C-based biomass;

Fig. 7). Regarding ammonium, the difference in uptake

between starved (lower) and fed (higher) cultures were con-

sistent with growth experiments where ammonium

enhanced the growth of fed cultures but suppressed growth

in starved cultures. Moreover, 15N-based ammonium uptake
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rates for cultures pre-conditioned as starved (0.8 lmol L21

d21) and fed (7.8 lmol L21 d21) were within the range of

those estimated for cultures grown on ammonium for multi-

ple days (0.7-1.2 lmol L21 d21) without prey but precondi-

tioned as fed. Lower N uptake for cultures grown over

multiple days could reflect an overestimate of N quotas using

short term, daytime uptake rates given that diel variation in

N uptakes are unknown. Further, cultures grown for multiple

days without prey would exhaust their plastid reserves as

they divide, effectively making them “starved,” a condition

that decreases their ability to use ammonium (Figs. 4, 5).

Regarding nitrate, while uptake was low these values were

different from zero (p<0.001; t-test). This is the first study

to measure direct nutrient assimilation by Dinophysis, a find-

ing that supports the hypothesis that nutrient acquisition is

a key aspect of Dinophysis ecophysiology. While additions of

these tracers were, in some cases, above tracer levels (up to

twice background levels), they were still submicromolar addi-

tions and thus far below levels typically observed during

estuarine Dinophysis blooms (Hattenrath-Lehmann et al.

2015) and clearly demonstrate the ability of Dinophysis to

assimilate nutrients directly. Further studies are needed to

precisely quantify nutrient assimilation kinetics for this alga.

High molecular weight sewage treatment plant effluent

and glutamine significantly and consistently enhanced the

cellular division rates of D. acuminata cultures, a finding that

replicates our prior ecosystem-based experiments (Hatten-

rath-Lehmann et al. 2015). While it is unclear whether nitro-

gen or carbon from these organic nutrients are stimulating

D. acuminata growth, given that these enhancements were

observed in starved cultures it suggests that Dinophysis is

capable of osmotrophy (assimilation of organic compounds).

While Nagai et al. (2011) did not observe any growth rate

enhancements with the addition of organic substances, they

did demonstrate that organic substances enhanced Dinophy-

sis toxicity. A study by Graneli et al. (1997) focusing on the

nutritional capabilities of Dinophysis, however, could not

resolve whether dark C uptake by Dinophysis was due to

phagotrophy or osmotrophy.

While ammonium significantly and consistently increased

Dinophysis densities in experiments using field populations

(Hattenrath-Lehmann et al. 2015), it did so in fed, but not

starved, cultures of D. acuminata. When Dinophysis was

starved, the addition of ammonium inhibited growth likely

due to toxicity (Collos and Harrison 2014). We suggest that

when Dinophysis is starved, the threshold of ammonium tox-

icity is lower compared to when it has been well fed, perhaps

due to fewer functioning plastids and an overall compro-

mised cell physiology. Additionally, observations (Fig. 6 bot-

tom panel) suggest that Dinophysis densities are enhanced by

ammonium when it is actively feeding on M. rubrum as well

as when it has recently fed and therefore likely continues to

grow on reserve nutrition (Reguera et al. 2012). Regardless,

collective observations from this study and Hattenrath-

Lehmann et al. (2015) demonstrate that ammonium stimu-

lates D. acuminata cellular division rates when cells have

recently fed and are, thus, likely physiologically healthy.

In contrast to other nutrients examined, nitrate

significantly increased D. acuminata densities only when D.

acuminata was also offered M. rubrum ratios of 10 : 1 and

even under this circumstance, the enhanced growth was

minor. This is consistent with field experiments in

Hattenrath-Lehmann et al. (2015) where only one third of

experiments showed a significant increase in D. acuminata

densities with the addition of nitrate. Since nitrate only

enhanced D. acuminata growth in the presence of high prey

densities and since assimilation rates of 15N labeled nitrate

were negligible, we hypothesize that nitrate indirectly stimu-

lated the growth of D. acuminata via uptake of nitrate by its

prey, M. rubrum. Alternatively, given that in some dinoflagel-

lates nitrate reduction reactions take place within the plastid

(Fritz et al. 1996) and Dinophysis may have limited func-

tional control of these plastids (Wisecaver and Hackett 2010;

Hansen et al. 2013), perhaps they need to be actively feeding

on- and acquiring plastids from- M. rubrum to utilize nitrate.

Field observations and correlations, as well as nutrient

uptake studies, demonstrated that M. rubrum is capable of

using nitrate, ammonium and DON (Wilkerson and Grun-

seich 1990; Crawford et al. 1997; Herfort et al. 2012; Hansen

et al. 2013). Myung et al. (2013) also demonstrated that a

culture of M. rubrum was able to grow for � 6 weeks in the

absence of its cryptophyte prey, further evidencing its auto-

trophic capabilities and the role M. rubrum may play in the

indirect stimulation of D. acuminata blooms. During this

study, however, M. rubrum did not grow in control cultures

that were nutrient replete and without Dinophysis or crypto-

phyte prey. This finding strongly suggests that increases in

Dinophysis growth rates in the presence of prey and nutrients

were direct effects (i.e., mixotrophy) rather than being due

to an indirect effect (i.e., nutrient use by M. rubrum prey and

subsequent consumption by Dinophysis).

Recent studies have suggested that Dinophysis populations

can be food limited (i.e., M. rubrum) during bloom events

(Kim et al. 2008; Riisgaard and Hansen 2009). Using data

from experiment #3 (Fig. 6) we estimated the contribution

of dissolved nutrients to Dinophysis’ cellular N demand (see

Methods) based on two assumptions: (1) negligible M.

rubrum growth, and (2) constant C : N contents and cellular

volumes (for predator and prey). These calculations indicated

that the contribution of nitrogenous nutrients to D. acumi-

nata increases with decreasing M. rubrum prey abundance

(Fig. 6). Therefore, we suggest that in an ecosystem setting,

Dinophysis may acquire equal or greater amounts of its cellu-

lar N requirement from nutrients (inorganic and organic).

For example, according to our calculations cultures were

found to obtain up to 60% of their cellular N from dissolved

nutrients and cultures fed M. rubrum assimilated twice as

much ammonium. This further illustrates that D. acuminata
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is a true mixotroph that does not realize its full growth

potential without both food and nutrients.

Mixotrophy has been shown to significantly increase the

growth rates of several HABs in comparison to strict photo-

trophy (Jeong et al. 2005; Stoecker et al. 2006; Burkholder

et al. 2008 and references therein; Kim et al. 2008). Consist-

ent with these studies, we found that across all nutrient

treatments, mixotrophic growth rates (with prey and

nutrients) were significantly higher than those grown with

nutrients or prey alone (Table 4). While the addition of

nutrients increased the growth rates of cultures with and

without prey compared to their respective controls, maximal

growth rates were obtained when Dinophysis was fed M.

rubrum at a 10 : 1 ratio in combination with the addition of

glutamine (0.36 6 0.01 d21; Table 4).

Dinophysis and bacterial associations

All Dinophysis culture investigations conducted thus far

have maintained cultures under xenic conditions (i.e., with

bacteria; Park et al. 2006; Kim et al. 2008; Hackett et al.

2009; Kamiyama and Suzuki 2009; Riisgaard and Hansen

2009; Tong et al. 2010; Fux et al. 2011; Nagai et al. 2011;

Tong et al. 2011; Nielsen et al. 2012, 2013; Smith et al.

2012), and yet, to date no study has assessed the relationship

between bacteria and Dinophysis. In this study, heterotrophic

bacterial abundances were lower in the presence of D. acumi-

nata compared to parallel treatments without D. acuminata,

suggesting this alga inhibited bacterial growth via nutrient

competition, allelopathy, or bacterivory, with the later creat-

ing the prospect that nutrient effects on D. acuminata may

be indirect. There were multiple lines of evidence that dem-

onstrate this was not the case, however. D. acuminata growth

was highest with the addition of HMW STP effluent while

the decrease in bacterial abundances was higher in the gluta-

mine treatment. Additionally, reductions in heterotrophic

bacterial biomass in the presence of D. acuminata accounted

for<2% of the observed growth by Dinophysis in treatments.

Finally, while bacteria are well known for their ability to lib-

erate ammonium from organic N compounds (Kirchman

2008) and the growth of D. acuminata was promoted by

organic N compounds, the growth response to organic N

was often larger than the response from equimolar amounts

of ammonium. And, D. acuminata growth was also promoted

by inorganic N and D. acuminata growth responses to

organic N were higher than would have been predicted even

if all of the organic nitrogen had been remineralized to

ammonium by bacteria. Therefore, bacterial remineralization

of organic N could not quantitatively account for the growth

response of D. acuminata during experiments. Collectively,

this suggests that nutrient assimilation supported the growth

by Dinophysis in cultures where M. rubrum was not added.

While bacterivory could explain the changes seen in hetero-

trophic bacteria abundances when D. acuminata was present,

other processes such as an allelopathic effect of Dinophysis

on bacteria, attachment of heterotrophic bacteria to Dinophy-

sis, and competition for nutrients could also have reduced

bacterial levels when grown in the presence of D. acuminata.

While some Dinophysis spp. are known to harbor endo-

symbiotic bacteria (Lucas and Vesk 1990), their interactions

with free-living heterotrophic bacteria are poorly understood

(Berland et al. 1995; Reguera et al. 2012). In this study, the

inability to culture Dinophysis with the use of antibiotics

could be due to a close association between Dinophysis and

bacteria. Moreover, a recent study demonstrated that vita-

mins (B1 and B12) significantly enhanced D. acuminata den-

sities in bloom water from two different estuaries

(Hattenrath-Lehmann et al. 2015), providing a potential link

to the Dinophysis-bacteria relationship given that bacteria are

B-vitamin producers (Raux et al. 2000). A series of recent

studies have demonstrated that the growth of phytoplankton

can be strongly dependent on vitamin B12 production by

bacteria (Croft et al. 2005; Kazamia et al. 2012). Further,

ecosystem-based studies have shown that HABs can be pro-

moted by high levels of B-vitamins (Koch et al. 2013) and

recent culture studies have demonstrated that 91% of dino-

flagellates surveyed (n 5 45) required an exogenous source of

vitamin B12 (Tang et al. 2010). This study, however, found

that D. acuminata cultures were not affected by the addition

of vitamin B12 with or without M. rubrum present. This may

be due, in part, to bacterial production of B12 in these non-

axenic cultures (Raux et al. 2000). In an ecosystem setting,

where Dinophysis, Mesodinium and cryptophytes co-occur, an

indirect effect of B12 on Dinophysis cannot be excluded given

that Tang et al. (2010) found that other cryptophytes such

as Rhodomonas salina are vitamin B12 auxotrophs and thus

could benefit from enhanced vitamins and indirectly support

Dinophysis. This study in combination with previous work

(Hattenrath-Lehmann et al. 2015) demonstrates a strong

association between Dinophysis and bacteria and suggests it

could be based on a requirement for B-vitamins.

Conclusion

This study is the first to demonstrate that D. acuminata

can assimilate dissolved nitrogen compounds and the first to

demonstrate that inorganic and organic nutrients enhance

the growth of D. acuminata with and without ciliate prey.

We emphasize that these findings were obtained using nitro-

gen levels (50 lmol L21 over 6–12 d) and temperatures that

are commonly found within the eutrophic estuaries that

host D. acuminata blooms (Hattenrath et al. 2010;

Hattenrath-Lehmann et al. 2013, 2015), but may be higher

than regions hosting blooms in open, non-estuarine systems

(Reguera et al. 2012). Additionally, this study, in agreement

with Reguera et al. (2012), demonstrated that Dinophysis spp.

are robust autotrophic survivors, as D. acuminata cultures

were able to sustain high densities over a 3 week period

without the addition of its food source, M. rubrum. This can
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have important implications for human health as it has

been demonstrated that D. acuminata retains its toxins as

long as cells are viable even when starved (Smith et al.

2012). This work represents the first North American Dinoph-

ysis strain cultured using prey items isolated from temperate

coastal waters throughout the three-step culturing process

(i.e., M. rubrum and T. amphioxiea) and grown at tempera-

tures within the range seen during blooms in North America,

thus making these experiments environmentally realistic.

Further studies using more strains of Dinophysis and prey are

needed to better constrain the effects of prey concentration

and nutrients on D. acuminata growth. In addition, given

the new information presented here on bacterial-Dinophysis

associations, future studies are required to better understand

these interactions. Overall, this study suggests that Dinophy-

sis blooms can be directly stimulated by N loading and sup-

ports the hypothesis that accelerated N loading can promote

DSP producing blooms of this species and, thus, may be

partly responsible for their recent expansion across North

America (Campbell et al. 2010; Hattenrath-Lehmann et al.

2013; Trainer et al. 2013).
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